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1*  Introduction 0 


The  Idea  of  using  as  a thermometer  the  variation  with  tem- 
perature of  isotopic  fractionation  faotora  in  equilibrium  reactions 
was  first  formulated  by  Urey  (1)  in  1947,  in  relation  praticularly 
to  the  oxygen  isotopes  in  the  system  COg*  ilgO-CaCOg* 

In  this  system,  the  oxygen  Isotope  fractionation  factor  be- 
tween calcium  carbonate  and  water  is  about  4%.  greater  at  0°C  than 
at  25°C  (1),  which  corresponds  to  a variation  of  0^2%*  per  degree 
centigrade o 

Clearly,  if  the  oxygen  isotopic  composition  of  water  In  which 
a given  calcium  carbonate  has  been  precipitated  13  known  or  reason- 
ably assumed,  and  if  the  chemistry  involves  exclusively  equilibrium 
reactions,  the  temperature  at  which  the  precipitation  occurred  can 
be  obtained  by  determining  the  oxygen  isotopic  composition  of  the 
calcium  carbonate o 

This  idea  appeared  to  open  very  wide  possibilities  of  studying 
the  past  olimatic  history  of  the  earth  by  measuring  the  oxygen  iso- 
topic composition  of  the  calcium  carbonate  in  well— preserved  marine 
fossils.  It  was,  therefore,  aggressively  pursuedo 

2o  The  establishment  of  a technique  o 

Since  a precision  of  1°C  in  the  temperature  determinations 
was  considered  desirable,  mass  spectrometers  able  to  detect  dif- 
ferences in  oxygen  isotopic  abundances  as  small  as  0a2^had  to 
be  developed.  This  meant  multiplying  by  six  the  precision  of  the 
best  instruments  available  at  that  time  (2)o  The  work  was  carried 
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out  by  McKinneys,  McCrea,  Epstain  and  Allen,  under  tfce  direction 
of  Urey  (3),  and  required  more  than  a year*  The  .new  instrument 
was  essentially  a Nler-type  mass  spectrometer  in  whioh  the  inten- 
sity and  stability  of  the  ion-beam  were  increased,  the  output  of 
the  amplifiers  was  enlarged,  the  emission  regulator  was  improved, 
and  a system  for  the  rapid,  successive  comparisons  between  two 
gas  samples  was  introduced.  With  these  modifications,  the  required 
sensitivity  was  obtained.  The  present  precision  of  the  instrument 
can  best  be  evaluated  by  stating  that  the  standard  deviation  of 
normal  runs  is  0.03  jho 

At  the  same  time,  McCrea  (4)  recalculated  the  effect  of  tem- 
perature on  the  oxygen  isotopic  composition  of  calcium  carbonate 
precipitated  inorganically  from  aqueous  solutions,  and  verified 
the  results  experiment  ally  o The  experimental  part  Involved  several 
problems  which  were  successfully  solved.  Thus,  the  dissociation 
of  ooloium  carbonate  into  calcium  oxide  and  carbon  dioxide  had  to 
be  effected  in  such  a way  as  to  avoid  introduction  of  erratic  iso- 
topic fractionation.  Various  methods,  including  both  thermic  and 
acid  decomposition,  were  tested,  and  acid  decomposition  by  means 
of  85$  phosphoric  acid  with  added  phosphorous  pentoxide  was  selected. 
Absence  of  oxygen  isotopic  exchange  between  this  acid  and  the  COg 
produced  in  the  decomposition  was  proved.  Finally,  inorganic  oal- 
cium  carbonate  slowly  precipitated  from  aqueous  solution  was 
proved  to  have  the  same  oxygen  isotopic  composition  as  calcium 
carbonate  precipitated  by  marine  organisms  at  the  same  temperature 
(allowance  being  made  for  the  different  isotopio  composition  of  the 
waters).  This  indicated  absence  of  a '» vital  effect”  on  isotopic 
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fractionation  processes,  at  least  for  the  organisms  considered, 
which'^re  mostly  molluscs*  However,  other  organisms  suoh  as 
corals,  echinoderms  and  oysters  showed  a possible  nvital  effect*, 
tentatively  correlated  with  intracellular  symbiosis  with  Zooxan- 
the  1 lae  algae*  These  organisms  are  less  suitable  or  unsuitable 
for  paleo temperature  determinations „ An  alternate  or  additional 
explanation  for  th8  observed  anomalies  may  be  secondary  deposition 
of  calcite  in  the  open-mesh  wall  structure  of  the  organisms  in 
question*  A large  number  of  marine  organisms  remains  available, 
and  the  research  was  focussed  on  those = 

Before  routine  analyses  of  fossil  material  could  be  under- 
taken, it  was  necessary  to  establish  an  empirical  temperature 
scale  baaed  on  analyses  of  calcium  carbonates  organically  deposited 
at  different  temperatures  and  referred  to  an  arbitrary  standard* 

This  was  necessary  because  the  theoretical  temperature  effects 
were  only  approximate.  However,  it  soon  became  apparent  that  the 
simple  acid  deoaaposition  used  by  McCrea  on  inorganic  calcium  car- 
bonate could  not  be  applied  to  calcium  ©arbonate  organically  pre- 
cipitated* If  this  was  done,  the  COg  obtained  appeared  to  contain 
variable  amounts  of  organic  impurities  of  masses  identical  with 
or  close  to  the  masses  to  be  measured* 

The  work  of  eliminating  these  impurities  and  establishing  the 
empirical  temperature  scale  was  done  by  Epstein,  with  the  constant 
advice  of  Urey  (5)*  The  method  first  adopted  for  eliminating  the 
organic  impurities  involved  heating  the  powdered  calcium  carbonate 
at  400°d  in  a stream  of  helium  purified  through  a furnace  containing 
copper  oxide*  This  treatment  lowered  the  0 content  in  the  COg, 
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but  made  the  results  much  more  consistent..  Thirteen  shells 

o 

grown  at  various  temperature  levels  between  7«4  and  29 «0  C were 
analyzed  and  an  equation  between  temperature  and  mass  spectrcmet- 
rlc  data  was  based  on  the  results  (5)o 

Soon  afterwards,  however.  It  was  realized  that  a constant 

error  was  being  introduced®  After  much  experimentation,  the  or- 

\ 
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ror  was  traced  to  passage  of  small  amounts  of  oxygen  from  the 
copper  oxide  in  the  furnace  to  the  helium  stream*  and  this  waa 
eliminated  by  substituting  copper  for  copper  oxide  In  the  furnaoe, 

I 

by  adding  a charcoal  trap,  and  by  raising  to  476°C  the  temperature 
of  the  powdered  oalolum  carbonate® 

A new  equation  between  temperature  and  mass  apectrometrio 
data  was  obtained  from  samples  processed  with  the  new  technique 
(6)o  This  1st 

t « 16 o5  - 4o3(S-A)  <•  Ool4(6-A)2 

where  S’  Is  the  permil  difference  between  the  ratio  of  masses  46 
and  44  In  the  sample  and  the  standard  gas,  and  A is  the  difference 
between  the  £ value  of  a COg  gas  equilibrated  with  the  water  In 
which  the  organic  calcium  carbonate  had  been  precipitated  and  the 
S value  of  a C0o  gas  equilibrated  with  average  marine  water o 

3 o Some  general  considerations o 

Before  applying  the  method  to  problems  of  geological  interest, 
some  Important  questions  must  be  discussed o 


5. 


t 


Th®  temperature  equation  given  above  shows  that  a unique 
solution  ie  obtained  only  if  the  isotopic  composition  of  the 

/ 

water  in  which  a given  calcium  earbonate  has  been  precipitated 

is  also  known*  Epstein  et  al*  (5)  and  Epstein  and  Mayeda  (7) 

investigated  the  variability  of  the  oxygen  isotopic  composition 
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of  marine  waters*  It  was  found  that,  since  the  molecule  1^0 
has  a greater  vapour  pressure  than  the  molecule  HgO*8,  there  is 
a general  depletion  of  0*6  of  about  l*f0o  in  the  two  tropical  evapo- 
ration belts,  and  corresponding  enrichment  in  the  higher  latitudes* 
If  marginal  environments  are  taken  into  oonsideration,  variation 
as  large  as  8-10  feo  induced  by  excessive  evaporation  or  influx  of 
fresh  waters  may  be  observed* 

The  uncertainty  so  introduced  in  the  paleotaraperature  measure- 
ments of  f os8ll  material  can  be  eliminated  only  be  establishing 
another  temperature  equation  for  a different  oxygen  isotope  ex- 
change reaction:  the  simultaneous  solution  of  both  equations  for 
the  two  unknowns  and  A would  give  a unique  temperature  value o 
The  best  ohance  appeared  to  be  the  possible  exchange  reaction 
between  calcium  phosphate  and  water*  Work  along  these  lines  was 
started  in  1949  by  Steinberg,  was  followed  up  by  Craig,  and  is 
now  being  pursued  by  'fudge*  Although  no  effort  was  spared.  It 
has  not  yet  been  possible  to  extract  the  oxygen  from  the  phosphate 
ion  without  introducing  seme  erratic  isotopic  fractionation*  The 
latest  work,  however,  indicates  that  success  is  now  near* 

Another  problem  involves  possible  post-d ©positional  exchange 
between  the  calcium  oarbonate  of  buried  organisms  and  percolating 
waters*  Apart  from  obviously  reorystallized  remains  whioh  may 
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contain  nothing  of  the  original  material,  oxygen  diffusion  through 
solid  matter  may  have  affected  otherwise  well  preserved  fossils  *> 
Estimates  by  Urey  (2)  showed  that  diffusion  through  rather  coarse 
crystals  may  occur  in  a time  as  short  as  1 million  years,  if  the 
proper  temnerature  obtains,  while  in  -eery  small  crystals  it  may 
occur  in  a few  thousand  years  0 However,  an  Upper  Jurassic  belem- 
nite  from  the  Island  of  Skye,  west  of  Scotland,  showed  very  con- 
vincingly that  no  diffusion  had  taken  place  in  150  million  years 
since  the  record  of  the  temperature  seasonal  variations  were  not 
erased.,  Moreover.,  thin  shells  of  benthonic  foraminifera  of  Oligo- 
cane  age  from  the  deep  waters  of  the  eastern  equatorial  Pacific 
gave  S values  of  about  136  (8),  corresponding  to  a temperature 
of  10<v4°Cj,  although  they  had  remained  in  contact  with  much  colder 
waters  for  at  least  20  million  years  t> 

The  present  impossibility  of  solving  the  temperature  equation 
for  both  $ and  A at  the  same  time  imposes  some  limitations  on  the 
choice  of  the  material  to  be  run  and  requires  the  introduction  of 
some  assumption*.  Thus,  it  must  be  assumed  that  the  oxygen  isotopic 
composition  of  marine  waters  did  not  change  through  geologic  time<> 
This  is  probably  true,  at  least  since  the  beginning  cf  the  Meso- 
zoic and  perhaps  much  earlier „ In  fact,  although  the  sediment? 
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tend  to  subtract  0 from  the  sea.,  their  recycling  may  have  re- 
duced this  effect  to  a minimum  sine©  probably  the  Cambrian*, 

Although  a greater  oxygen  isotopic  uniformity  of  the  sea  water 
is  envisaged  in  non-glacial  times  (7)s  it  is  advisable  at  present 
to  avoid  using  fossils  indicating  marginal  environments,  where  the 
water  may  have  had  an  abnormal  isotopic  composition*,  In  addition^ 
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an  approximate  correction  of  +1$  far  the  two  tropical  bands  and 
of  »1#  for  the  high  latitudes  may  be  applied  to  correct  the  major 
oxygen  isotopic  variation  of  the  sea  water  with  latitude* 

4 • The  relation  between  natural  temperatures  and  temperatures 
determined  by  means  of  oxygen  isotopic  analyses o 

Paleotemperature  data  must  be  subject  to  careful  interpreta- 
tion* because  the  Inference  of  the  environmental  temperature  and 
its  seasonal  variation  from  the  temperature  at  which  a given  cal- 
careous organism  deposited  its  calcium  oarbonate  may  not  be  easy 
or  direct*  A number  of  biological  and  ecological  factors  must  be 
taken  into  consideration*  Among  these  the  moat  important  are  the 
temperature  ranges  of  oaloium  oarbonate  deposition  and  the  depth 
habitats  of  both  pelagic  and  benthonic  organisms  * 

To  investigate  temperature  ranges  of  calcium  carbonate  depo- 
sition* Epstein  and  Lowenstam  (9)  analyzed  a large  number  of  marine 
shells  from  Bermuda*  Two  methods  of  analysis  were  employed;  aver- 
age shell  samples  were  run,  thus  obtaining  "weighted”  temperature 
averages  of  skeletal  deposition;  or  successive  increments  of  shell 
material  were  analyzed,  thus  obtaining  the  different  temperatures 
at  which  different  parts  of  the  shells  were  deposited,. 

The  temperature  of  the  marine  superficial  waters  in  Bermuda 
varies  during  the  year  from  17  to  28°C*  The  "weighted"  average 
temperature  values  varied  between  18 d +_  0*5°C  arid  29*3  ♦ 0o6°C* 
This  range  was  obtained  from  an  array  of  54  temperature  values, 
and  it  checks  very  well  with  the  natural  temperature  range*  It 
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should  be  observed  that  little  information  could  have  been  obtained 
from  a single  temperature  determination  while  a large  number  of 
measurements  gave  a very  good  idea  of  the  natural  temperatures o 
The  same  result  was  obtained  by  a continuous  series  of  84  samples 
from  a single  shell  of  StrombU3  glgass  a temperature  range  from 
17 <>2  ♦_  0o5°C  to  27 oO  0®5°C  was  obtained© 

Both  methods  would  of  course  fail  at  extreme  temperatures© 
that  is,  at  temperatures  too  low  or  too  high  for  shell  growth© 

The  first  case  is  particularly  important,  as  the  seasonal  minimum 
may  often  be  several  degrees  lower  than  the  threshold  of  shell 
growth  of  many  species,  particularly  in  the  middle  and  high  lati- 
tudes© In  tho^e  cases,  only  the  seasonal  maximum  may  be  determin- 
able, but  this  will  constitute  in  itself  a very  valuable  piece  of 
Information© 

More  recently,  Emlliani  has  developed  a more  rapid  method  of 
determining  temperature  ranges  from  molluscs  by  sampling  the  shells 
In  a discontinuous  way  (Fig©  1)©  With  this  method,  it  Is  usually 
possible  to  determine  temperature  ranges  with  20-30  analyses  In- 
stead of  the  50-80  previously  necessary©  Recent  work  done  with 
molluscs  from  Bermuda  shows  that  the  temperature  ranges  Obtained 
compare  very  well  with  the  known  ones,  represented  by  the  thick 
lines  along  the  temperature  scales  (Fig©  2)o 

5©  Mesozoic  temperature  measurements© 

For  the  first  major  application  to  the  fossil  of  the  oxygen 
isotopic  method  of  temperature  determination.  Upper  Cretaceous 
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material  was  selected  (10) o This  choice  was  advised  by  the 
special  climatic  interest  that  this  period  of  the  history  of 
the  earth  has  and  by  the  availability  of  such  fossils  as  belem- 
nites,  which  gave  best  assurances  against  post-deposltional  al- 
terations o 

Beiemnites,  brachiopods  and  oysters  from  the  Cenomanian- 
Senonian  of  England,  and  belennites  from  the  Maestrichtian  of 
Denmark  and  the  southeastern  United  States  were  analyzed  with 
the  method  of  running  an  average  sample  of  calcium  carbonate  from 
each  specimen « 

The  results  (Table  1)  show  that  the  temperature  ranges  ob- 
tained from  the  three  areas  are  rather  similar,  and  markedly  dif- 
ferent from  today* Sj,  in  agreement  with  the  views  of  the  geologists 

on  the  sufcjecto 

J Table  1 

Temperature  ranges  obtained  from  average  samples  of  calcium  carbo- 
nate from  Upper  Cretaceous  belemnites 


No,  of 

Taupe rat ure 

ranges  ( °C  ) 

Location 

Age 

Spec* 

Fossil* 

Now 

Denmark 

Maestrichtian 

3 

13*3  - 15 o3 

3-16 

England 

Senonian 

5 

15-4  ~ 2-3-8 

7-13 

3*E*  United 
States 

Maestrichtian 

39 

12 09  - 21*6 

20-27 
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These  results,  which  were  considered  preliminary,  were 
published  in  1951  (10)*  Subsequently,  a large  quantity  of 
fossils  of  Upper  Cretaceous  age  was  collected  In  Europe,  North 
Africa  and  North  America  by  Lowenstam  (11)«  The  collection 
included  mainly  belemnitas,  molluscs,  braehlopods,  and  a number 
of  samples  of  associated  chalks » The  fossils  were  largely  run 
with  the  method,  previously  mentioned,  of  analyzing  average 
samples  of  calcium  carbonate  from  each  specimen*  Almost  all  of 
the  belemnltes  appeared  to  have  preserved  the  original  Isotopic 
composition*  On  the  other  hand,  most  of  the  chalks,  braehlopods 
and  molluscs,  except  a series  of  nine  Inoceramua  from  the  Upper 
Campanian  of  Norfolk,  England,  and  a few  others,  showed  enrich” 
ment  in  0 * This  was  thought  to  have  been  produced  mainly  by 

addition  of  secondary  calcite  during  the  fossilization  process* 

A large  number  of  stratigraphic  levels  from  the  regions 
above  mentioned  were  considered,  from  which  one  or  more  specimens 
of  beleranitea  were  examined*  Although  the  number  of  specimens 
per  level  was  never  large  enough  to  allcw  accurate  determinations 
of  temperature  ranges,  a very  clear  trend  of  increasing  tempera® 
tures  was  discovered  from  the  Cenomanian  to  the  Santonian,  and 
of  decreasing  temperatures  from  the  Santonian  to  the  Maastricht 
tian*  Moreover,  it  was  conf irmed  that  the  Maestrichtlan  tempera® 
tures  in  northern  Europe  and  the  southeastern  United  States  were 
remarkably  similar,  and  it  was  shown  that  the  yearly  temperature 
range  in  the  Upper  Cretaceous  as  a whole  could  not  have  much 
exceeded  6°C,  at  least  in  most,  cases*  This,  in  fact,  is  the 
range  shw'n  by  34  specimens  of  belemnltes  from  tbs  Swedish  Lower 
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Campanian s by  40  specimens  from  the  English  Upper  Campanian, 
and  by  44  specimens  from  the  American  Maestrichtian® 

The  continuous  samples  concentrically  ground  from  the  pre- 
viously mentioned  Upper  Jurassic  belemnite  from  the  island  of 
Skye  shaved  a temperature  range  from  18o5  to  22o7°C«  Another 
belemnite  from  the  Upper  Jurassic  Oxford  Clay  of  Northamptonshire* 
England*  and  a specimen  from  the  Upper  Jurassic  of  New  Zealand 
were  subsequently  analyzed  with  the  same  system..  The  temperature 
ranges  were  respectively  15®9  to  24®0°C  and  11«3  to  25®4°C®  Fur- 
ther researches  along  these  lines  are  in  process,  with  the  main 
purpose  of  determining  the  major  climatic  zones  during  the  Meso- 
zoic and  adding  information  to  the  problem  of  possible  large, 
relative  movements  of  the  continental  masses  during  this  time® 
There  is  little  doubt  that  the  aims  of  this  project,  which  is 
of  paramount  interest  to  the  geological  sciences*  will  be  suc- 
cessfully achieved  if  sufficient  financial  support  can  be  secured 
to  carry  out  the  thousands  of  analyses  which  are  necessary® 

6®  Some  problems  of  biological  interest® 

The  analyses  of  continuous*  concentrically  ground  samples 
from  beleranltes  and  molluscs  also  throw  light  on  the  life  span 
of  these  animals®  Thus,  the  Upper  Jurassic  belemnite  from  the 
island  of  Skye  clearly  lived  three  and  a half  years  and  died  in 
the  Spring  (10,  pi®  1,  fig®  2)®  The  other  two  Upper  Jurassic 
beleranltes  (from  England  and  New  Zealand)  show  somewhat  shorter 
life  spans®  Life  spans  of  two  to  four  years  were  also  determined 
for  mullusca  from  Bermuda  (9)® 
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Similar  studies  on  paleontologically  young  and  old  popu- 
lations of  the  same  species  are  scheduled.  These  will  serve 
to  further  eluoldate  the  mechanism  of  growth*  decline*  and  ex- 
tinction of  specific  populations*  and  will  have  broad  Interest 
for  the  biologist*  the  paleontologist*  and  the  student  of  evolu- 
tion. Again*  a great  many  analyses  will  be  necessary  before  it 
will  be  possible  to  outline  a consistent  picture  of  the  oomplex 
biological  phenomena  involved.  Belemnites  will  constitute  ex- 
cellent material  for  this  project  also. 

7.  The  study  of  the  Plelstooene  climate o 

Epstein  and  Lowonstam  left  the  University  of  Chicago  for 
the  California  Institute  of  Technology  In  the  summer  of  1952. 
They  were  succeeded  by  Emlliani  and  Edwards*  with  Emlliani  in 
charge  of  the  paleotemperature  project  and  Edwards  in  charge  of 
the  upkeep  of  the  mass  spectrometers. 

Emlliani  joined  the  group  a year  and  a half  before  Epstein 
and  Lowenstam  left.  During  this  time*  he  first  helped  with  the 
problem  of  removing  the  organic  material  from  the  samples*  and 
then  started  a project  of  his  own  directed  to  the  study  of  the 
Plelstooene  climate.  A first  study  involving  65  samples  of 
calcarenite  from  the  Lower  Pleistocene  Lomita  Marl  of  southern 
California  was  completed  in  1952*  in  collaboration  with  Epstein 
(12).  The  samples  were  collected  in  stratigraphic  order*  at  a 
distance  of  1/2  foot*  and  from  each  sample  three  groups  of  bon- 
thonic  foraminifera*  Miliolidae*  Elphldlum  spp.  and  Cassldullna 
spp.,  were  separated.  Each  group  from  each  sample  was  then  run 
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separately!.  Three  rather  complicated  bat  perfectly  corresponding 
temperature  ourves  were  obtained,  with  temperatures  ranging  from 
12  to  30°C  (12,  Figo  2)0  From  the  fact  that  both  Elphidium  and 
Caaaldullna  gave  temperatures  consistently  lower  than  the  Jfilio- 
lldae,  It  was  deduced  that  submarine  solifluctlon  Toad  occurred 
throughout  as  a continuous  phenomenono 

A more  detailed  study  of  this  pheonmenon  and  of  the  larger 
scale  turbidity  currents  has  been  scheduled,  based  on  oxygen  Iso- 
topic analyses  of  tests  of  benthonic  foraminifera  from  the  con- 
tinental shelf  and  slope « Clearly,  if  forarainiferal  shells  from 
the  same  samples  show  diff erent  temperatures,  as  in  the  Lcmlta 
Marl  samples,  a downs lope  movement  of  the  sediments  will  be 
indie atedo 

Analogous  criteria  have  been  applied  to  the  study  of  tectonic. 
Isostatic  and  enstatic  movements » Benthonic  foraminifera  12,000 
years  old  (radiocarbon  age  determination)  from  the  top  of  a 
North  Atlantic  sea-mount  now  366  m,  deep  gave  a temperature  of 
16o8°Co  This  shows  that  12,000  years  ago,  when  the  top  of  this 
sea-mount  stood  near  the  sea  surface,  the  temperature  of  the 
superficial  sea  waters  was  lower  than  today’s  (22°C),  More 
studies  of  this  type  are  scheduled.  In  collaboration  with  Ds»o 
Bo  Heezen,  of  the  Lamont  Geological  Observatory  of  Columbia 
University,  and  Dr,  E«  L.  Hamilton,  of  the  U,  So  Navy  Electronics 
Laboratory  at  San  Diego,  California » 

The  depositional  depth  of  geological  formations  can  be  esti- 
mated rather  accurately  by  measuring  the  difference  between  the 
temperatures  given  by  pelagic  end  benthonic  foraminifera.  This 
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criterion  will  bo  applied  to  Investigation  of  the  depositlonal 
depth  of  the  Miocene  Donni  formations  of  Saipan,  In  collaboration 
with  the  Uo  So  National  Kuseumo 

The  largest  amount  of  research  on  paleotemperatures  underway 
at  present,  however,  deals  with  deep-sea  cores « A very  large 
number  of  these  cores,  more  than  a thousand,  has  been  collected 
during  the  post-war  years  in  the  course  of  various  expeditions  a 
Of  particular  Importance  are  the  collections  assembled  by  the 
Oceanografiska  Institute!;  of  G&teborg,  Sweden,  the  Lamont  Geo- 
logical Observatory  of  Columbia  University,  and  the  Scrlpps 
Institution  of  0 c e ano gr aphy 0 The  recent  emphasis  on  submarine 
coring  is  in  good  part  due  to  the  development  of  the  piston  corer 
by  Kullenberg,  which  permits  the  raising  of  cores  up  to  20  m»  in 
length o 

Submarine  cores  of  suitable  length  and  from  suitable  areas 
may  contain  a continuous  geological  record  which  may  encompass 
the  whole  of  the  Pleistocene  and  may,  in  some  oases,  continue 
downward  well  into  the  Pliocene » Many  of  these  cores  are  formed 
by  Globlgerlna-ooze  throughout  and,  therefore,  contain  a very 
large  number  of  specimens  of  various  species  of  pelagic  foramini- 
fer a 0 xsiup orsturc  axuixyses  of  clossly  spaced  samples  of  pelagic 
foramlnifera  from  a number  of  cores  from  various  parts  of  the 
world  will  permit  the  reconstruction  of  the  Pleistocene  climate 
with  great  accuracy,  and  will  help  solve  a number  of  problems 
of  very  great  interest  to  students  of  various  disciplines® 
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Before  proceeding  to  mass  analyses  of  pelagic  foraminlferal 
teats  fran  the  deep-sea  cores,  it  was  thought  necessary  to  in- 
vestigate the  depth  habitats  of  the  different  speeiea,  aa  there 
was  some  evidence  that  different  species  may  live  at  different 
depths  and,  therefore,  may  register  different  temperatures « 

A number  of  analyses  of  modem  material  from  the  Atlantic 
and  Pacific  Oceans  and  the  Gulf  of  Mexico  showed  that  different 
species  do  actually  live  at  different  depths  (13 )o  It  was  also 
shown  that  the  stratification  of  the  specific  populations  was 
the  same  in  the  three  areas,  and  that  tho  controlling  factor 
was  the  density  of  the  sea  water. 

From  this  it  follows  that  in  the  investigations  of  the  cores 
it  is  necessary  to  analyze  tests  of  the  same  species  throu^iout, 
and  It  Is  convenient  to  use  species  liko  G1  ob i gerlno ide s rubra 
end  Globlgerlnoldes  saoculif era  which  live  very  close  to  the 
surface  of  the  sea  and  will,  therefore,  more  easily  register 
whatever  temperature  variations  may  occur  immediately  above. 

So  far,  five  deep-sea  oores  have  been  analyzedo  Of  these, 
three  are  from  the  eastern  equatorial  Pacific,  one  from  the  Carib- 
bean and  one  from  the  Mediterranean « The  three  Pacific  cores 
had  been  studied  In  great  detail  by  Arrhenius^  together  with 
numerous  other  cores  from  the  same  area  (14)*  Arrhenius  pre- 
posed 9 colder  and  9 warmer  Pleistocene  stages,  on  geochemical 
and  micropnle ontological  evidence,,  The  oxygen  Isotopic  analyses 
on  the  best  sampled  core  (Fig.  3)  indicated  that  actually  the 
major  colder  periods  were  four.  The  temperature  variations  were 
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of  the  order  of  only  2 - 4°C,  but  they  refer  to  a depth  of  about 
130  m • , that  Is  the  depth  habitat  of  the  species  Globorotalla 
tumlda,  which  was  used  for  the  analyses  tn  the  absence  of  more 
suitable,  shallower  specier#  The  temperature  variations  at  the 
surface  were  certainly  larger#  It  was  also  shown  that  the  Plio- 
cene, which  was  entered  by  one  of  the  cores,  had  temperatures 
about  1°C  warmer  than  today*  s#  More  samples  from  this  coro  are 
being  run  at  present,  so  a3  to  cover  in  greater  detail  the  curve 
shown  in  Fig#  3# 

In  the  Caribbean  core  a more  suitable  species,  Globlgerlnoldea 

s ac cull f era,  was  available  throughout#  The  four  glacial  stages, 

preceded  by  a possible  fifth  one*  and  the  four  interglacial  stages 

were  beautifully  revealed  (Fig#  4)#  The  temperature  variation 

was  found  to  be  of  the  order  of  8°C  but.  If  correction  for  the 
18 

enrichment  in  0 of  the  marine  waters  during  the  glacial  stages 
Is  made,  the  temperature  of  the  colder  stages  would  increase  by 
about  2°C  and  the  amplitude  cf  the  thermic  oscillations  would  be 
reduced  correspondingly#  If  the  rates  of  sedimentation  were 
roughly  constant.  It  would  appear,  as  may  ba  seen  from  Fig#  4* 
that  1)  the  Wisconsin  was  twice  as  long  as  the  other  glacial 
stage s | 2}  the  so-called  n0r«et  Interglacial"  was  not  longer  than 
the  other  interglaoial  stages J and  3)  the  process  of  warming  up 
and  also,  to  a smaller  extent,  the  process  of  cooling  were  very 
swift#  All  three  points  seem  to  be  supported  by  the  Pacific 
core  shown  in  Fig#  3,  although  Its  sampling  is  still  too  coarse# 
These  points  will  be  clarified  when  data  become  available  from 
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additional  cores9  including  another,  longer  core  from  the  Carib- 
bean and  a core  from  the  equatorial  Atlantic..  The  third  point, 
however,  may  already  be  considered  as  a proven  fact  because  it 
is  very  hard  to  imagine  how  increasing  and  decreasing  tempera- 
tures should  correspond  always  to  greatly  reduced  rates  of  sedi- 
mentationo  Other  Important  points  shown  by  the  curves  of  Figo  4 
are  that  1)  Important  temperature  variations  occurred  also  in 
tropical  and  equatorial  areas  during  the  Pleistocene $ and  2)  there 
is  no  apparent  correlation  with,  the  Milankovitoh  curve  of  varying 
solar  radiation  which,  for  these  latitudes,  consists  of  a rather 
regular  series  of  peaks  and  valleys  of  similar  amplitudes  with  a 
period  of  about  21,000  years o 

Of  great  interest  also  will  be  the  results  from  core  R10-10, 
raised  from  the  bottom  of  the  North  Atlantic  by  Dr®  Ewing,  of 
the  Lament  Geological  Observatory®  This  core,  although  largely 
exempt  from  terrigenous  sediments,  has  an  unusually  high  rate  of 
sedimentation,  and  a level  SO  cm®  below  the  top  was  dated  as 
5000  years  old  by  Kulp  using  the  radiocarbon  method  (15)»  It 
will  be  possible,  therefore,  to  study  in  great  detail  the  tempera** 
ture  variations  in  prehistoric  and  historic  times o 

The  Mediterranean  core  (Fig®  5)  has  revealed  very  wide  (7  to 
51°C ) and  abrupt  temperature  variations ® Unfortunately,  the  top 
part  of  this  core  is  missing  and,  therefore,  it  is  not  known 
which  part  of  the  Pleistocene  is  covered®  Radiocarbon  age  deter** 
ruinations  are  being  made  by  Dr,  Hans  Suess  on  selected  levels 
of  this  core  and  will  probably  clear  the  stratigraphic  relation- 
ship o 
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Although  the  amplitude  of  the  temperature  variation  in  this 
core  may  have  been  exaggerated  by  influx  of  melt  water  during 
the  oataglacial  phases  and  by  excessive  evaporation  during  the 
anaglaolfl  phases , much  of  the  paleontological  evidence  from  the 
Mediterranean  area  appears  to  lend  support  to  our  data..  For 
Instance,  in  the  famed  "Grotta  Roraanellln,  a cave  in  the  south- 
eastern tip  of  Italy,  a closely  alternated  sequence  of  typically 
tropical  and  typically  subarctic  faunas  exist®  A corresponding 
variation  of  the  nearby  aea  waters  of  some  20  - 26°C  does  not 
seem  at  all  improbable « However,;  more  cores  from  the  Mediter- 
ranean need  to  be  analyzed  before  an  organic  picture  of  the 
Pleistocene  climatic  evolution,  of  this  area  will  emerge » 

The  temperature  variations  in  the  Mediterranean  core  are 
not  so  wide  as  to  make  one  suspicious  that  largo  quantities  of 
molt  water  entered  the  Mediterranean.,  Against  this  fact  there 
is  also  the  occurrence  throughout  of  abundant,  apparently  flour- 
ishing faunas  of  foraminifera*  On  the  other  hand,  estimates  of 
the  amount  of  melt  water  which  should  have  drained  Into  the 
Mediterranean  during  the  oataglacial  phases  from  southern,  cen- 
tral and  eastern  Europe  and  from  western  Siberia  lead  to  a 
figure  which  Is  not  far  fr cm  the  total  amount  of  water  now 
present  in  the  Mediterranean*  Clearly,  such  an  enormous  amount 
of  fresh  water  could  not  have  invaded  the  Mediterranean  even 
once  without  killing  all  its  foraminiferal  faunas  and  very  deeply 
altering  its  isotopic  composition*  It  seems  that  we  have  here 
further  Indication  that  a good  pert,  if  not  most,  of  the  Ploisto- 
cene  Ice  disappeared  by  evaporation  rather  than  by  meltingo 
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The  abruptness  and  the  magnitude  of  the  Pleistocene  tem- 
perature variations  invites  the  scientist  to  speculate  as  to 
the  immediate  causes©  Obviously,  long  and  slow  phenomena  such 
as  mountain  building  oannot  be  held  responsible.  Also*  as  pre- 
viously mentioned,  the  variation  of  the  solar  radiation  on  dif- 
ferent parts  of  the  Earth,  because  of  the  complex  earth  movements* 
does  not  appear  to  bear  directly  on  the  problem©  The  theory 
that  requires  the  earth  to  enter  and  leave  periodically  a cloud 
of  cosmic  dust  has  been  subjected  to  some  tests  by  Emillani,  who 
calculated  variation  with  depth  of  the  Ni/^Fe  and  the  Ni/Ti  ratios 
in  central  Pacific  cores  from  data  presented  by  Landergren  (16)© 
The  results*  however,  were  rather  erratic  and  not  consistent  with 
the  theory©  At  present  the  best  hypothesis  may  well  bo  the  one 
based  on  changes  of  the  solar  constant,  with  sudden  flares  which 
rapidly  increased  the  rates  of  evaporation  of  terrestrial  waters© 

80  Pleistocene  raised  beaches© 

A very  convenient  material  which  can  be  utilized  for  the 
study  of  the  Pleistocene  climate  at  certain  times  are  the  mollusc 
shells  which  occur  on  many  raised  beaches©  These  beaches  rep- 
resent synchronous  world-wide  time-levels  of  higher  sea,  and 
offer  a good  opportunity  of  comparing  climate  on  a world-wide 
basis©  Smiliani  spent  part  of  the  summer  of  1952  collecting 
material  of  thi3  type  in  France*  Spain,  Portugal,  Morocco,  and 
Italy©  The  shells  are  analyzed  with  the  system  of  discontinuous 
sampling  previously  mentioned,  with  the  purpose  of  determining 
temperature  ranges  and*  in  particular,  temperature  maxima©  ?hi3* 
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again,  is  a long  project,  but  some  local  studies  have  already 
been  completed*  As  an  example.,  the  results  obtained  with  Recent 
and  fossil  populations  of  the  two  mollusc  species  Conus  medltor- 
raneus  and  Columbella  scripts  from  Kouali  Point,  Algeria,  are 
presented  (Fig*  6)*  The  fossil  specimens  were  collected  from  a 
raised  beach  belonging  to  the  2 m«  level  (17),  and  the  tempera- 
ture maximum  obtained  with  this  material  was  about  2°C  lower  than 
the  one  obtained  with  Recent  material 0 

9 * Lonr;  range  temperature  fluctuations  o 

It  has  been  mentioned  before  that  one  of  the  Pacific  cores 
entered  the  Pliocene.  Two  more  cores  from  the  same  area  entered 
directly  into  the  Tertiary,  tho  younger  sediments  having  been 
removed  by  submarine  erosion  or  slumping  (14)o  The  Tertiary 
sediments  were  dated  by  Emiliani  on  micropaleontological  bases 
as  Middle  Oligocena  and  Lower-Middle  Miocene*  From  these  and 
from  the  Pliocene  sediments  previously  mentioned,  benthonic  fora— 
rainifera  were  isolated*  The  temperatures  obtained  wero  10o4°C 
for  the  Middle  Oligocene,  7o0  for  the  Lower-Middle  Miocene,  end 
2„s2cC  for  the  Uppermost  Pliocene,  while  today* a temperature  Is 
lo7°C  (18)*  Since  regional  subsidence  or  a general  rise  of  the 
sea  level  may  be  excluded  (18),  a decrease  of  about  8°C  in  the 
temperature  of  the  deep-sea  waters  of  the  Pacific  may  be  con- 
sidered as  proved*  This  adds  to  tho  evidence  already  available 
indicating  a general  decrease  of  the  temperature  during  the 
Tertiary  (19)*  Furthermore,  as  the  bottom  temperatures  of  the 
deep,  open  Pacific  basins  are  conditioned  by  the  temperatures 
of  the  superficial  waters  in  the  polar  seas,  the  Tertiary 
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temperatures  above  mentioned  are  indicative  of  the  coeval  polar 
temperatures  o 

If  this  information  is  combined  with  the  information  about 
the  Uppor  Cretaceous  climatic  trend,  a hlf^ily  generalized  picture 
is  obtained  of  increasing  temperature  from  the  early  to  the  middle 
Tipper  Cretaceous  and  of  decreasing  temperature  from  tho  middle 
Upper  Cretaceous  to  the  Upper  Pliocene.  It  is  our  intention,  on 
tho  one  hand,  to  extend  paleotemperature  measurements  back  in 
time  as  far  as  unaltered  fossils  can  bo  encountered,  and,  on 
trie  other  hand,  to  integrate  with  many  more  data  the  scarce  evi«> 
dence  for  the  Tertiary,  so  as  to  see  how  close  to  reality  is  the 
generalized  picture  of  climatic  evolution  which  has  been  pre~ 
sen tod  hereo 
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ADDENDUM 


After  this  report  had  been  written,  radiocarbon  measure** 
men'cs  were  made  by  Dr<>  Hans  Suess  on  two  samples  from  the 
Caribbean  core  and  two  from  the  Mediterranean  core:  The  re- 

sults from  the  Caribbean  core,  given  below,  chow  that  the 
Wisconsin  began  a little  earlier  than  35,000  - 40,000  years 
ago  in  agreement  with  age  determination  on  land  material,  and 
indeed  about  16,000  yoar3  ago  in  the  area  under  considerationo 
Their  data  show  also  that  the  rate  of  sedimentation  during 
the  Wisconsin  was  considerably  higher  than  in  postglaoi&l 
times o The  results  from  the  Mediterranean  core  show  that  the 
top  of  the  core  ie  missing,  as  indicated  also  by  the  tempera- 
ture graph o 
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